Despite its extremely weak intrinsic spin-orbit coupling (SOC), graphene has been shown to acquire considerable SOC by proximity coupling with exfoliated transition metal dichalcogenides (TMDs). Here we demonstrate strong induced Rashba SOC in graphene that is proximity coupled to a monolayer TMD film, MoS 2 or WSe 2 , grown by chemical vapor deposition with drastically different Fermi level positions. Graphene/TMD heterostructures are fabricated with a pickup-transfer technique utilizing hexagonal boron nitride, which serves as a flat template to promote intimate contact and therefore a strong interfacial interaction between TMD and graphene as evidenced by quenching of the TMD photoluminescence. We observe strong induced graphene SOC that manifests itself in a pronounced weak anti-localization (WAL) effect in the graphene magnetoconductance. The spin relaxation rate extracted from the WAL analysis varies linearly with the momentum scattering time and is independent of the carrier type.
Since successful isolation of monolayer graphene [1] , a wide variety of two-dimensional (2D) atomically layered materials have been investigated. These materials form a complete family ranging from insulators like hexagonal boron nitride (h-BN), semiconductors (MoS 2 , WSe 2 , etc.), semimetals (WTe 2 , MoTe 2 , TaAs [2] [3] [4] , etc.), to superconductors (NiSe 2 [5] ). In the 2D materials family, graphene stands out for its extraordinarily high mobility and ultra-small spin-orbit coupling (SOC) offering efficient transport of both electron charges and spins. However, the gapless band of graphene hinders applications such as transistors; the negligible SOC prevents novel quantum states from emerging at practically accessible temperatures such as the quantum spin Hall insulator [6] , the first theoretically predicted topological insulator, and the quantum anomalous Hall state [7] . On the other hand, owing to the large band gaps (1.5 -2.0 eV [8] ), strong intrinsic SOC and spin-valley coupling [9, 10] , and the valley Hall effect [11] , transition metal dichalcogenides (TMDs) such as MoS 2 and WSe 2 generate research interest for potential opto-electronic device applications. However, TMDs have relatively low mobility and high contact resistance which are unfavorable for all-electrical device applications, especially those based on quantum transport properties.
A natural way to take advantage of the complementary attributes of graphene and TMDs is to fabricate van der Waals heterostructures incorporating both. For example, when graphene is placed on WS 2 , it acquires SOC via proximity coupling that leads to a weak-antilocalization (WAL) effect absent in standalone graphene [12] [13] [14] . In our previous work on graphene/WS 2 [12] , we showed that a sub-linear relation holds between spin relaxation rate and momentum scattering time at relatively high carrier densities (5 × 10 12 −2 on the hole side), suggesting that the Rashba SOC dominates the spin relaxation via the Dyakonov-Perel (DP) mechanism. We also estimated the Rashba SOC strength to be approximately 0.5 meV, which is at least one order of magnitude greater than the strength of the intrinsic SOC of graphene [15] . To realize the quantum anomalous Hall effect at high temperatures, even larger Rashba SOC is needed in addition to the exchange interaction [16] . Therefore, other TMD materials with larger atomic SOC such as WSe 2 are preferred [17] . In addition, by tuning the Fermi level towards the conduction band of TMD, the hybridization between graphene's -band and TMD's -band becomes stronger, and the SOC is expected to be stronger based on the current understanding [18] . Furthermore, several recent studies [19, 20] suggest that the interaction between graphene and MoS 2 is greatly enhanced when MoS 2 is "turned on", which can also lead to an enhancement of SOC in graphene. In this work, we choose chemical vapor deposition (CVD) grown monolayer hole-doped WSe 2 and electron-doped MoS 2 to examine these effects. In graphene/MoS 2 , MoS 2 can indeed be "turned on" above a certain positive gate voltage.
In general, monolayer TMDs have better gate tunability as well as larger on-off ratio than multilayer TMD due to smaller density-of-states [21] . However, unlike graphene, monolayer TMD sheets have a low yield in isolation by mechanical exfoliation, and the resulting small flakes also make the alignment with graphene target flakes difficult. On the other hand, CVD grown TMDs do not have these shortcomings. Moreover, monolayer TMD films can be intentionally doped [22] , and easily scaled up to centimeter size, which not only drastically simplifies the heterostructure fabrication process, but also suits better for device applications.
Several techniques [23, 24] have been developed in previous studies which used polymers to transfer TMD sheets to various insulating substrates. These techniques worked well for picking up centimeter-scale TMD films, but the polymer films in touch with graphene are possible contamination sources due to baking and dissolving which is needed during transfer. To avoid using these polymers, we replace them with h-BN for the first time to directly pick up continuous multi-grain TMD films by leveraging the van der Waals interaction (more details in Supplementary Material). The h-BN flake used for this pickup-transfer technique can not only ensure a high yield (80%) of heterostructure fabrication, but also serve both as an encapsulating layer to prevent the TMD from degrading in ambient condition and as a robust dielectric medium for top gating. Therefore, with this dry transfer technique, the TMD films are protected from any exposure to polymers or solvent solutions. Additionally, the accurate stamping process gives us flexibility of identifying and picking up defect-free areas under an optical microscope, which results in better cohesion of TMD films with graphene. film is a monolayer [25] . Since monolayer WSe 2 on a dielectric has a direct band gap [8] which
gives rise to a strong photoluminescence (PL) response, PL mapping can be used to locate the monolayer. The red region in Fig Fig. 1(a) and the corresponding red dots in Fig. 1(c) . This indicates that under these bubbles graphene is detached from WSe 2 so that the PL is restored. The presence of the bubbles reduces the overall proximity coupling which could result in an underestimation of the SOC strength extracted from WAL as will be discussed later.
The heterostructure is then patterned into Hall bars with standard e-beam lithography and inductively coupled plasma etching. Cr/Au is deposited by e-beam evaporation to the contact areas containing the edges of the etched Hall bars to form one-dimensional edge contacts [27] .
The mobility of completed devices ranges from 7, 000 to 12, 000 2 −1 −1 , limited by the Coulomb scattering [28] from SiO 2 substrate. Magnetoconductance (MC) measurements are carried out using a closed-cycle refrigerator system with temperature down to 4 K. Due to the unique Berry phase of  of the graphene pseudo-spin, in the absence of other significant decoherence processes, intravalley coherence alone should in principle give rise to negative MC, i.e., the WAL effect [31] . However, due to relatively strong intravalley decoherence and intervalley scattering, weak localization (WL) is usually observed at low temperatures in standalone graphene devices [32, 33] . In contrast, if a strong Rashba SOC is introduced, graphene acquires an additional  phase in the wave-function, allowing WAL to emerge [12] [13] [14] 34] . Therefore, the WAL feature serves as a direct indicator of induced Rashba SOC. presence of low-field peaks (negative MC) clearly reveals the WAL effect, indicating that graphene in both devices acquires significant Rashba SOC from the monolayer TMD. As the carrier density approaches zero, the dephasing rate increases because of enhanced electronelectron interaction [33] . Consequently, the WAL peaks simultaneously weaken and broaden before vanishing when the dephasing rate exceeds the spin relaxation rate near the Dirac point. Fig. 3(a) and 3(b) , and the red regions indicate the WL effect that was also observed in pristine graphene [32] . In these devices, the carrier density threshold below which the WAL disappears is significantly lowered by a factor of five compared to our previous work, i.e. from Previous studies reported either absent spin Hall effect [35] or no systematic WAL data [13] on the hole side. Here, no matter whether the carrier density saturates on the electron side or not, a common feature in both Fig. 3 by fitting the WAL data with the diamgrammtic perturbation theory developed for the diffusive transport regime [34] . In our devices, the mean-free-path is less than 0.2 m and the theory is perfectly applicable. Here in monolayer TMD, spins are oriented perpendicular to the layer. Due to strong coupling between graphene and monolayer TMD, spins in graphene also adopt the same orientation. Therefore, two spin relaxation processes occur to the perpendicular spins, i.e., precession due to the in-plane Rashba field via the Dyakonov-Perel (DP) mechanism and spinflip due to the out-of-plane Kane-Mele field via the Elliott-Yafet (EY) mechanism. Hence, the spin relaxation rates −1 and −1 due to Rashba SOC and KM SOC are related to the momentum scattering rate
[36] and −1 = 2 2 −1 [37, 38] , respectively, where  R and  I are the strength of Rashba SOC and Kane-Mele SOC, respectively. The additional valleyZeeman coupling term, as was discussed in our previous work [12] , does not relax the spin orientation by momentum scattering, thus the total spin relaxation rate −1 is just a sum of
and −1 . The WAL fitting also allows us to obtain −1 . between hole and electron sides is due to the mobility difference: ~10,000 2 −1 −1 for holes and ~6,500 2 −1 −1 for electrons. Fig. 4(b) [12] , unveiling dominance of the DP mechanism by the Rashba SOC over the entire range. More strikingly, the slopes of the linear fits are approximately the same for electrons and holes, reflecting near-symmetry in the SOC strength in both devices. It should be emphasized that the symmetry holds regardless of whether carrier density reaches saturation or not. This is in stark contrast to the results of previous studies [35] , and therefore argues against the sulfur-vacancy related hybridization mechanism.
From the linear fits, we extract the Rashba SOC strength to be 1.4 -1.6 meV in graphene/WSe 2 , and 0.8 -0.9 meV in graphene/MoS 2 , increased by a factor of 2 -3 from our previous study. Since molybdenum has weaker atomic SOC than tungsten, it is not surprising that the SOC in graphene/MoS 2 is weaker compared to graphene/WSe 2 . The highly symmetric Rashba SOC strength suggests that the hybridized band structure plays a less important role, at least in graphene/MoS 2 . It is worth pointing out that the Rashba SOC strength obtained here is still impacted by the presence of bubbles trapped between graphene and TMD which unavoidably dilutes the WAL response in the MC. Indeed, in a bubble-free graphene/WSe 2 device we have observed a stronger Rashba SOC (more details in Supplementary Material).
Further improvement in device fabrication to reduce bubbles will certainly lead to an even greater Rashba SOC from entire strongly coupled graphene/TMD devices.
In summary, we have studied the WAL of graphene closer to the charge neutrality point when it is proximity coupled to CVD grown monolayers of WSe 2 or MoS 2 . We have found that the spin relaxation is governed by the DP mechanism based on significant acquired Rashba SOC 
